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Edited by Lev KisselevAbstract Hela cells synchronized in G1 and S phases of the cell
cycle were transfected with pEGFP crosslinked with trioxsalen.
Twelve hours later the number of ﬂuorescent cells was deter-
mined by ﬂuorescent microscopy. Cells in S phase have repaired
0.2–0.3 ICL/kb over the 12 h period, while cells in G1 phase re-
paired interstrand crosslinks much more poorly. The crosslinked
plasmids were eﬃciently recruited to the nuclear matrix both in
G1 phase and S-phase, which showed that the poor repair of G1
cells was a result of a lack of DNA replication rather than of a
lack of matrix attachment.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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DNA interstrand crosslinks (ICLs) are powerful cytotoxic
lesions, which block fundamental cellular activities such as
transcription and replication. Many anticancer drugs produce
ICLs and their therapeutic value depends on the ability of the
cells to remove them. For this reason the mechanism of ICL
repair is a major topic in the biomedical research during the
recent years [1]. As a result it is now known that in higher
eukaryotes ICLs are recognized and excised by the ERCC1/
XPF complex to produce double strand breaks (DSB), which
are further mended by recombination [1–3]. Recombination
types involved in DSB repair are non-homologous end joining
(NHEJ) and homologous recombination (HR). NHEJ repairs
broken DNA with little or no requirement for sequence
homology and although eﬀective, it is error prone and often
leads to mutations. The major proteins of this pathway in
the higher eukaryotic cells are the XRCC4/LIG4 complex
and the DNA-dependent protein kinase (DNA-PK) which
consists of DNA end binding heterodimer Ku70–Ku80 and
the catalytic subunit DNA-PCcs. HR on the other hand uti-
lizes extensive homology to restore the original sequence of
the broken DNA and in this case a second DNA sequence is
needed to serve as repair template. The single strand binding
protein (RPA) is required for this pathway as well as theAbbreviations: DSB, double strand breaks; ICL, interstrand crosslink;
HR, homologous recombination; NHEJ, non-homologous end join-
ing; TE, 10 mM Tris, 1 mM EDTA, pH 7
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Rad51D [4,5]. However, despite the considerable progress
made in the ﬁeld of ICL repair, several important questions
such as the usage of the diﬀerent recombination pathways in
the diﬀerent phases of the cell cycle and the role of DNA rep-
lication in the recombination pathways are still largely unre-
solved in higher eukaryotes. Most present models suggest
that the recognition and repair of ICLs in mammalian cells oc-
cur primarily during S phase. Recent reports however, have
shown that ICLs are recognized and excised during all phases
of the cell cycle and only the repair of the ICL-induced DSB
required cell cycle progression into S phase [6,7]. On the other
hand there are reports that DSB can well form and repair in
the absence of DNA replication by NHEJ, and that HR is only
a minor pathway to mend DSB [8,9]. Thus a picture emerges
that ICLs can be repaired in all phases of the cell cycle,
although by diﬀerent recombination pathways. In the present
paper we measured the repair of trioxsalen crosslinked plas-
mids, transfected in mammalian cells synchronized either in
G1 or in S phases of the cell cycle. We found out that the S-
phase cells repair trioxsalen croslinks more eﬃciently than
G1-phase cells. A conclusion was drawn that DNA replication
is needed for the eﬀective repair of trioxsalen crosslinks regard-
less of the mechanism.2. Materials and methods
2.1. Cells and plasmids
Human HeLa-M cells and the XRCC3 deﬁcient hamster irs1SF cells
[10,11] were cultured in DMEM with 10% fetal calf serum. All cells
were supplemented with antibiotics and incubated in 5% CO2 atmo-
sphere. To synchronize cells in G1-phase, they were grown to 60–
70% conﬂuency and were treated with 0.5 mM mimosine (Sigma) for
12 h, transfected with pEGFP-N1 and kept in mimosine for another
12 h. To synchronize cells in S-phase, they were treated with mimosine
as above for 12 h, washed twice and released in fresh medium 1 h
before transfection.
For FACS analysis cells were pelleted, washed with phosphate buf-
fered saline, treated with 20 lg/ml RNase for 30 min at 37 C and
stained with 20 lg/ml propidium iodide at room temperature for
30 min. 2 · 104 cells/sample were analyzed with a Becton Dickinson
(Facscalibur) cell sorter, using ModFit software (Becton Dickinson).
Plasmid pEGFP-N1 was purchased from Clontech and was propa-
gated in E. Coli XL1-Blue [12].2.2. Trioxsalen treatment
Ten micrograms of plasmid DNA were dissolved in 50 ll of 10 mM
Tris–HCl, 1 mM EDTA, pH 8 (TE) buﬀer. Ten micrograms of trioxsa-
len (4 0,5 0-8-trimethylpsoralen) dissolved in dimethylsulfoxide were
added, the reactions were placed in 96 well plastic plates and irradiated
in a Hanau UV illuminator box below two 15 W Sylvania black light
tubes with emission maximum at 364 nm from a distance of 15 cm forblished by Elsevier B.V. All rights reserved.
Fig. 2. DNA repair of G1 and S phase cells. Exponentially growing
HeLa and Irs1SF cells as well as synchronized in G1 and S phases
HeLa cells were transfected with pEGFP-N1 containing 0.4 (ﬁlled
columns) and 0.8 (empty columns) trioxsalen ICL/kbp. Twelve hours
latter the ﬂuorescent cells were counted with ﬂuorescent microscope
and expressed as percentage of the number of ﬂuorescent cells obtained
after transfection of the respective cells with native pEGFP-N1. The
results are means of three independent determinations and the
standard deviations are shown with vertical error bars. Six hundred
cells were counted for each determination.
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of 0.2 M NaCl and plasmid DNA was precipitated with 2 volumes
of ethanol. The number of interstrand trioxsalen crosslinks was deter-
mined by denaturation and electrophoresis of the linearized plasmids
as described in Thompson and Mosig [14].
2.3. Host cell reactivation assay
Control and trioxsalen treated plasmids were introduced into cells
with the liposome Lipofectamine transfection kit (Invitrogen) as rec-
ommended by the manufacturer. Fluorescent cells were observed un-
der ﬂuorescent microscope 12 h later. Six hundred cells were counted
for each determination and the percentage of ﬂuorescent cells was cal-
culated [15].
2.4. Cell fractionation
About 107 cells were suspended in 10 ml of 20 mM HEPES, 5 mM
KCl, 1.5 mM MgCl2, and 0.5 mM dithiotreitol, pH 7.5 and after
10 min on ice were homogenized by 15 strokes in Dounce homoge-
nizer with Teﬂon pestle. Nuclei were pelleted down at 1000 · g for
10 min at 4 C and the supernatant was preserved as cytosolic ex-
tract. The nuclear pellet was washed twice with the same buﬀer
and resuspended in 10 mM NaCl, 3 mM MgCl2, and 10 mM
Tris–HCl, pH 7.5 to make 107 nuclei/ml. Triton X-100 was added
to ﬁnal concentration 0.1% and the suspension was kept on ice
for 10 min. The permeabilized nuclei were pelleted down by centri-
fugation. The supernatant was collected as the nucleosolic extract
and the pellet resuspended in 0.2 ml of 0.65 M (NH4)2SO4, 1 mM
EDTA, and 10 mM Tris–HCl, pH 7.5. After 20 min on ice, the sus-
pension was overlayered on top of a two-step sucrose gradient
(0.8 ml 15% and 0.4 ml 30% sucrose in TE) and centrifuged at
10000 · g at 4 C for 40 min. The upper layer was collected as the
high salt extract and the nuclear matrix fraction, which in this case
contained the chromosomal DNA, was recovered from the bound-
ary between the 15% and 30% sucrose of the gradient. This fraction
was digested with BamHI and HindIII to render about 60% of chro-
mosomal DNA soluble, which was removed by centrifugation and
subsequent washes with TE buﬀer. DNA from all fractions was iso-
lated by making the samples 0.5 M in NaCl and 0.5% in sodium
dodecylsulphate, and the proteins were digested with 300 units/ml
of proteinase K at 37 C for 1 h. DNA was precipitated with etha-
nol and dissolved in TE.
2.5. Polymerase chain reaction
Polymerase chain reaction was applied to determine the amount of
plasmids in the diﬀerent cell fractions. To this end, all fractions were
adjusted to the same volume with TE. Sonicated salmon sperm
DNA was added to adjust DNA concentrations to 2 lg/ml. Five mil-
liliters of the samples were used as templates to amplify a 0.494 kbp
DNA fragment (nt 797–1291) of the pEGFP-N1 plasmid, using the
primers: 5 0-ACGGCAAGCTGACCCTGAA and 5 0-GGGTGCTC-
AGGTAGTGGTT. The ampliﬁcation cycles were 18. All ampliﬁed
products were run on 1% agarose gels, stained with ethidium bromide,
and quantiﬁed with Gel Pro Analyzer v.3 software for Windows (Med-
ia Cybernetics).Fig. 1. FACS analysis of HeLa-M cells. (A) Exponential culture. (B) Cells sy
for 12 h. C. Cells synchronized in S phase by treatment with 0.5 mM mimo3. Results and discussion
3.1. Cell synchronization
To synchronize cells in late G1 phase we treated them with
mimosine for 24 h. Mimosine was chosen as a synchronizing
agent since it does not aﬀect the DNA synthesis and its action
is fully reversible immediately after withdrawal [16]. The syn-
chronization was monitored by FACS analysis. The analysis
of exponentially growing HeLa cells shows that the normal
distribution of cells in the cell cycle was: 56% in G1, 18% in
S, and 26% in G2/M phase. After 12 h of treatment with
mimosine, the cells were blocked at the G1/S boundary of
the cell cycle and remain there for the next 12 h. Alternatively,
if released from the block after 12 h in mimosine, they progress
synchronously in S-phase and at the 6–8th h after release, over
50% of the cells are in S-phase (Fig. 1).nchronized at the G1/S boundary by treatment with 0.5 mM mimosine
sine for 12 h and then cultured in fresh medium for 6 h.
Fig. 3. Distribution of native and crosslinked pEGFP-N1 among the cell fractions. Exponentially growing Hela and Irs1SF cells as well as HeLa cells
synchronized in G1 and in S phases, were transfected with native pEGFP-N1 and with pEGFP-N1 containing 0.4 and 0.8 ICL/kbp. Cells were
fractionated into cytosolic, nucleosolic and nuclear matrix fractions and DNA was isolated and used as templates to amplify a 0.45 kb fragment from
the pEGFP. The products were run on agarose gel, scanned and quantiﬁed to determine the plasmid abundance in the respective fractions.
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To study the eﬃciency of ICL repair in the diﬀerent phases
of the cell cycle, HeLa cells synchronized either in G1 phase
or in S phase were transfected with pEGFP-N1 containing
0.4 or 0.8 ICL/kbp on the average and 12 h later the number
of ﬂuorescent cells was determined. In agreement with other
reports we have observed signiﬁcant diﬀerence in the eﬀec-
tiveness of the transfection procedure with G1 and S phase
cells [17,18]. This probably reﬂects the diﬀerent permeability
of the G1 and S phase nuclear membrane [19], although
the diﬀerence in the transcription activity also may play a
role [20]. In our experiments we achieved 10–15% transfection
eﬃciency of G1 cells and over 60% transfection eﬃciency of
S-phase cells with undamaged pEGFP-N1. Our results
showed that S phase HeLa cells repair the ICLs better than
G1 phase cells (Fig. 2). To quantify the repair eﬃciency we
transformed the ICL repair deﬁcient, NER proﬁcient irs1SF
cells with crosslinked plasmids. Since these cells were not able
to remove any ICLs, the number of ﬂuorescent cells 12 h
after transfection was taken as a background, i.e. as a mea-
sure for the plasmid molecules able to express the green ﬂuo-
rescent protein without any ICL repair. The number of
ﬂuorescent cells in these cases were only slightly lower than
those obtained with G-phase HeLa cells (Fig. 2), which
showed that G1 phase cells repair trioxsalen ICLs very
poorly. Using the Poisson formula which links the percentage
of plasmids without ICLs to the average number of ICLs
[21], it was calculated that they repaired less than 0.1 ICL/
kbp, while the S phase HeLa cells were able to repair about
0.2–0.3 ICL/kbp over the 12 h period.
3.3. Nuclear matrix attachment
In a previous paper [22] we have shown that in order to
be repaired, ICLs have to be sequestered at the nuclear ma-
trix where apparently the repair by both NER and recombi-
nation pathways takes place. To see if an ineﬃcient
attachment of the crosslinked plasmids to the nuclear matrix
in G1 in comparison with S phase was the reason for the
observed ineﬃcient repair of ICLs in G1, we determined
the distribution of the damaged plasmids among the diﬀer-
ent cellular compartments. To this end cells synchronized
either in G1 or in S phase were transfected with native or
with crosslinked with trioxsalen pEGFP-N1, and 12 h laterwere subjected to nuclear matrix isolation procedure. In
accordance with our previous results about 40–50% of the
native plasmids were found in the matrix fraction both in
the G1 and S phase cells. This most probably reﬂected the
transcription of the reporter gene taking place on the ma-
trix. The remaining plasmids were free in the cytosolic and
nucleosolic fractions. When instead of native, crosslinked
pEGFP-N1 were transfected into the cells, most of the plas-
mids were found attached to the nuclear matrix (Fig. 3).
This result shows that the lack of eﬃcient repair in the
G1 phase could not be a result of an ineﬃcient attachment
to the nuclear matrix since both in the G1 phase and S
phase the presence of ICLs brings about an association of
the damaged plasmids to the nuclear matrix.
Several recent papers report that not HR, but NHEJ is the
major pathway to remove crosslinks in mammalian cells, and
that the latter does not depend on the DNA replication [7,9].
This implies that ICLs could be repaired in all phases of the
cell cycle at similar rates. Our results show that in the ab-
sence of DNA replication, trioxsalen crosslinks are repaired
at least two times less eﬃciently than when DNA is replicat-
ing. This diﬀerence could be even bigger taking into account
that our G1 population contained over 40% S phase and
G2/M phase cells, while our S-phase population contained
over 20% G1-phase cells. Thus it seems that for eﬀective re-
pair of ICLs, the presence of active replication forks is
needed.
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